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Objective: The development of chondrocytic cell lines has enabled the investigation of the role of cellular
phenotype and mechanisms in articular cartilage biology and physiopathology of several rheumatic
diseases. Among them, the T/C-28a2 cell line has become a common tool in cartilage research. Recent
results from our group have revealed that primary human chondrocytes in tissue and in monolayer
culture contain high levels of connexin 43 (Cx43) and are able to directly communicate through gap
junction (GJ) channels. These results challenge the existing thesis of cartilage physiology, that chon-
drocytes do not have the capacity to physically communicate with each other. Established cell lines offer
the advantage of convenience and uniformity; however, the establishment process may cause a
disruption of GJ. This study was performed to investigate if T/C-28a2 cells contain Cx43 protein and form
functional channels.
Methods: Cx43 was characterized by RT-qPCR, Western blotting, and immunohistochemistry (IHC).
Electrophysiology experiments, Lucifer Yellow (LY) uptake, electroporation in situ and scrape loading
assay were performed to test the functionality of GJs.
Results: T/C-28a2 cells express Cx43. Electrophysiology experiments and LY uptake conﬁrmed the ca-
pacity of these cells to communicate through GJ channels, although these cells contain signiﬁcant levels
of active c-Src kinase, presumably due to their immortalization with the Simian Virus 40 large T antigen.
The results were validated using primary chondrocytes (PC).
Conclusions: These results reveal that the T/C-28a2 line may provide a useful in vitromodel for the study
of Cx43 function and cell communication to understand the physiology of chondrocytes and cartilage.
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Articular cartilage is a highly specialized connective tissue with
special mechanical properties that provides a smooth and fric-
tionless surface essential for the pain-free function of joints. Adult
cartilage is avascular and mainly composed of a dense extracellular
matrix (ECM). Articular chondrocytes survive in this challenging
environment embedded in small cavities called lacunae. Chon-
drocytes respond to mechanical stimuli, growth factors and cyto-
kines and are responsible for the formation andmaintenance of the
integrity of the ECM. Recent results from our group revealed for the
ﬁrst time that chondrocytes embedded in the cartilage matrix
contain at least two long cytoplasmic arms that spread along thetd. All rights reserved.
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Although some authors had already suggested the presence of
cytoplasmic projections, no previous studies have directly observed
intercellular connections between distant chondrocytes in the
cartilage matrix2. The intercellular communication occurs through
channels formed by connexin 43 (Cx43), called Gap Junctions
(GJ)1,3. The results revealed that the three-dimensional cellular
network mediated by GJ is involved in the synchronised regulation
of the metabolic and physiologic cartilage homeostasis1.
Connexins constitute a large family of trans-membrane proteins
that allow (a) intercellular communication through GJ channels via
direct transfer of ions, nutrients and small signalling molecules, (b)
ECMecell communication through single membrane spanning
channels, so-called hemichannels, and (c) channel-independent
functions upon cell proliferation and growth. Connexins are crit-
ical for cell metabolism, differentiation, and development and they
play a major role in malignant transformation. Articular chon-
drocytes express Cx43 and form functional GJ and hemichannels4.
In addition, previously reported results have implicated Cx43
hemichannels in the responses of rabbit and bovine articular
chondrocytes to mechanical loading5,6.
Connexin mutations, altered expression, or impaired GJ function
arecharacteristicof severaldiseases.Besides,upregulationofCx43has
been observed in inﬂammatory conditions in several tissues and on
proliferative cells in damaged zones of cartilage from patients with
osteoarthritis (OA)4. Because of the potential role of Cx43 in inﬂam-
mation, tissue degeneration, and in OA disease processes, the devel-
opment of appropriate in vitromodels is pivotal for the understanding
of the roles of Cx43 in chondrocyte physiology and pathology. Several
cell lines have been used as convenient in vitromodels to investigate
chondrocyte functions andalterations relatedwithdisease7.However,
given the existence of GJ intercellular communication (GJIC) in adult
cartilage, it is important to use an in vitro model capable of repro-
ducing the function of these channels. The results presented here
demonstrate that the T/C-28a2 human cell line contains functional
connexinchannels, indicating that thesecellsmayofferausefulmodel
to study chondrocyte and cartilage physiology.
Methods
Cartilage collection and processing, primary culture of chon-
drocytes, RNA isolation, and real-time PCR assays, immunohisto-
chemistry (IHC) and Western blotting were performed as
previously described1,4. Cells were pelleted to obtain micromass
and cultured in 15-ml conical tubes for 7 days using DMEM sup-
plemented with 10% foetal bovine serum (FBS). Cx43 antibody and
total c-Src antibodywere purchased from Santa Cruz Biotechnology
(sc-6560 and sc-19, Santa Cruz, CA). a-tubulin antibody from Sigma
(T9026, St. Louis, MO) and Phospho-Src (Tyr416) antibody from Cell
Signaling Technology (2101, Danvers, MA). Cx43 antibody used for
IHC was purchased from BD Transduction Laboratories (610062,
MA, USA). Primers used were speciﬁc for Cx43 (50-CAATC
ACTTGGCGTGACTTC-30 and 50-AACGAAAGGCAGACTGCTCA-30) and
for miRNA1-1 (50-GGCGTCCCGGGGTC-30 and 50-TGTGGAGTGCC
CCTCAGT-30). T/C-28a2 cells were cultured in DMEM supplemented
with 100 mg/ml Primocin (InvivoGen Primocin, California, USA)
and 15% FCS (Life Technologies Ltd, Madrid, Spain). The presence of
functional hemichannels was evaluated by uptake of Lucifer Yellow
(LY) (Cell Projects Ltd Kent, UK). LY (Mr of 547 Da) does not enter
in living cells except through hemichannels or GJ. Brieﬂy, cells were
washed with PBS containing 2 mM EGTA and immediately incu-
bated with PBS containing 0.4% LY for 30 min at 37C. Cells were
then washed with PBS supplemented with 10% dialysed FBS
(Silantes, Munich, Germany) and 3.2 mM CaCl2 and viewed under a
ﬂuorescent microscope (Nikon Eclipse Ti and NIS-Elementssoftware) to determine the number of ﬂuorescent cells as a mea-
sure of dye uptake. Cell viability was measured using trypan blue
excision method. Viability was always greater than 98%. LY dye
coupling assay to test the functionality of GJs was performed using
different techniques. Electrophysiological measurements and dye
injections were performed as previously reported4. Electroporation
in situ (InSitu Porator, Cell Projects Ltd  Kent, UK) was carried out
as before described1,8. For scrape loading assay, cells were seeded
on 12-well plates and cultured until the conﬂuence reached 70e
100%. Cells were rinsed two times with PBS and then three scrapes
were made using a needle, a tip, and a scalpel in the presence of
0.4% LY in PBS. Cells were incubated for 3 min at 37C. After
washing with a PBS containing 10% dialysed FBS, dye transfer was
captured using Nikon Eclipse Ti ﬂuorescent microscope and NIS-
Elements software. The distance of dye transfer from cutting site
to the farthest visual uptake of dye indicates the GJ connectivity in
cells. Cells were treated with the Cx43 mimetic peptide blocker
GAP27 as previously reported1. Datawere analysed using GraphPad
Prism software (version 5.00). Signiﬁcant differences between
sample groups were assessed using Student’s t test and the Manne
Whitney test. Signiﬁcant differences are represented as *P < 0.05
and **P < 0.01. Data are presented as the mean  S.D. n represents
the number of independent experiments. In case of primary
chondrocytes (PC) n is the number of independent experiments
using chondrocytes from different donors.
Results
Quantitative gene expression analysis using real-time RT-PCR
revealed that the T/C-28a2 cell line expresses low levels of Cx43
mRNA in comparison with human PC isolated from articular
cartilage from adult donors [Fig. 1(A)]. Western blot experiments
showed the presence of Cx43 protein in T/C-28a2 cells [Fig. 1(B)]. To
examine the localization of Cx43, we conducted IHC experiments
coupled with Gill’s haematoxylin counterstaining using a mono-
clonal anti-Cx43 antibody and cells in monolayer and 3D cultures
[Fig. 1(B)]. Cx43 was mainly localized in the cytoplasm and in at the
cell-margins between two adjacent cells.
The existence of functional non-junctional channels was tested
by cellular uptake of LY [Fig. 1(C)]. Dye uptake occurred inw92% of
PC as well as T/C-28a2 cells in monolayer culture, as quantiﬁed by
LY incorporation over a 30-min period. No signiﬁcant difference in
LY uptake was observed.
To test if T/C-28a2 cells are electrically coupled to each other by
voltage-dependent GJ, we conducted a dual voltage-clamp method
and whole-cell/perforated patch recording to control the mem-
brane potential of both cell pairs and to measure currents. The
junctional current recordings showed the basic type of coupling for
voltage-dependent behaviour pattern described for GJ [Fig. 1(D)].
Dye injection (ﬂuorescent glucose, NBDG) in a single cell conﬁrmed
the functionality of GJ in T/C-28a2 cells. Dye transfer between cells
in membrane contact was monitored for 12 min [Fig. 1(E)].
The GJ connectivity was further assessed through in situ elec-
troporation and scrape loading assays [Fig. 2(A) and (B)]. Quanti-
ﬁcation of GJIC revealed extensive transfer (4e12 cells deep, score
4.66) of LY between PC [Fig. 2(A)]. In addition, inhibition of GJIC
using 250 mM of GAP27 for 1 h signiﬁcantly reduced the transfer of
LY between cells (1e3 cells deep, score 1.30). Lower levels of
transference were detected when LY was electroporated into T/C-
28a2 cells (0e2 cell deep, score 0.24) [Fig. 2(A)]. Scrape-loading
LY transfer technique conﬁrmed coupling in cultures of the T/C-
28a2 cells. 250 mM of GAP27 for 1 h signiﬁcantly reduced GJIC be-
tween adjacent cells [Fig. 2(B)]. PC highly transferred LY to adjacent
cells (7e12 cells deep). T/C-28a2 cells showed less coupling (1e
4 cells deep) than PC [Fig. 2(B)].
Fig. 1. T/C-28a2 cells contain functional Cx43 channels. (A) Expression analyses of Cx43 mRNA by real-time RT-PCR in PC isolated from the cartilage (PC) of adult donors and T/C-
28a2 (T/C) cells. Data were normalized to HPRT1 levels. Data are represented as the mean  S.D. with n ¼ 5. **P ¼ 0.0043; ManneWhitney test. (B) Western blots of T/C-28a2 cells
from two conﬂuent monolayer cultures. a-tubulin was used as loading control. IHC using the monoclonal anti-Cx43 antibody and cells on monolayer (left) and pellet (right) cultures
after 7 days of culture in micromass. (C) Both cell types showed LY uptake consistent with hemichannels behaviour. The percentage of LY positive cells was calculated from six ﬁelds
of view from two independent experiments (mean  S.D.). (D) Voltage-gating properties of T/C-28a2 cells. (E) Dye (NBDG) ﬂux in T/C-28a2 cell pairs. A pipette containing the dye
was attached to the cell on the right in the whole cell conﬁguration. Epiﬂuorescent micrographs were taken at 0, 10, and 17 min after dye injection into the right-sided cell.
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conﬁrmed that T/C-28a2 cells produce signiﬁcantly less Cx43 pro-
tein than PC [Fig. 2(C)]. In addition, higher levels of total c-Src ki-
nase and active Tyr 416-phosphorylated c-Src were detected in T/C-
28a2 cells. IHC assays using antibodies against total c-Src showed
localization in the cytoplasm and in the membrane between adja-
cent cells [Fig. 2(D)]. However PC only showed cytoplasmic c-Src
expression [Fig. 2(D)].
Discussion
There is strong evidence that chondrocyte cellecell interactions
play a critical role in chondrogenesis and in cartilage physiology.
This cross-talk between articular chondrocytes includes direct
contact-dependent gap junctional pathways1,4,9,10. Although the
cell communication involving GJ has been less studied, this system
seems to play a pivotal role in chondrocyte metabolism and phys-
iology in adult cartilage1,9 and alteration in Cx43 function may be
associated with the development of OA4.
Only a few researchers have access to cartilage samples from
human origin. It is also difﬁcult to obtain a large number of cellsfrom cartilage derived from a single patient to perform cell culture
experiments. Also, in PC from humans or animals, loss of chon-
drocyte phenotype occurs upon expansion in serial monolayer
culture. The lack of a reproducible source of chondrocytes lead to
the establishment of several chondrocyte lines derived from
humans and animals. However some lines have limitations in the
expression of type-II collagen. T/C-28a2, which was derived from
primary cultures isolated from costal cartilage from 15-years-old
female using the SV40 large T antigen, express genes encoding the
chondrocyte-speciﬁc matrix molecules, including type-II collagen
and proteoglycans11. The present study shows that T/C-28a2 cells
form functional connexin channels as demonstrated by dye uptake
and electrophysiology experiments [Fig. 1(C) and (D)e(F)]. LY up-
take by single cells is equal in both cell types [Fig. 1(C)]. Interest-
ingly, the treatment of cells with the Cx43 mimetic peptide, GAP27,
did not decrease LY uptake from extracellular medium by single
cells [Fig. S1(A)]. It has been reported that chondrocytes express
pannexins which form non-junctional channels that share similar
membrane topology and similar electrical and chemical properties
with hemichannels formed by connexins. Actually, PC and T/C-28a2
cells express high levels of pannexin 1 in comparison with the
Fig. 2. GJIC between cells. (A) In situ electroporation on a partly conductive slide for the measurement of the intercellular junction transfer of LY. Cells were electroporated in the
presence of 5 mg/ml of LY. After washing off the unincorporated LY, the cells were photographed under phase contrast or ﬂuorescence illumination. The solid red lines deﬁne the
conductive (on the left) and nonconductive side points (on the right). Original magniﬁcations 10 and 20. The graph represents the number of contacted cells into which the dye
was transferred per electroporated border cell (means  S.D). n ¼ 6 **P < 0.01, ***P ¼ 0.0002; ManneWhitney test, untreated (PC) vs GAP27 and PC vs T/C-28a2. (B) Scrape load/dye
transfer assay was performed to examine GJ activity. The distance of dye transfer from cutting edge (solid vertical red line and green stars) to the farthest cells with the dye uptake is
represented by horizontal red arrows or yellow stars. (C) Western blot assays to detect the amount of Cx43 and c-Src present in PC and T/C cells. a-tubulin was used as loading
control. (D) IHC of T/C-28a2 cells and PC using anti-c-Src antibody. The negative controls are shown on the right.
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the different activities and functions of non-junctional channels
formed by connexins and pannexins in articular chondrocytes.
Our results show that T/C-28a2 cells express lower levels of
Cx43 mRNA and Cx43 protein than PC [Fig. 1(A) and Fig. 2(C)]. In
accordance with these data, dye uptake and electrophysiologyexperiments show lower level of GJIC in this cell line [Fig. 1(D) and
Fig. 2(A), (B)]. Several potential regulators can affect to GJIC in T/C-
28a2 cells. Among them, SV40-LT activates c-Src12 and phosphor-
ylation of Cx43-C-terminal tail by the c-Src tyrosine kinase are
known to negatively regulate GJIC13. Western blotting and IHC
show that T/C-28a2 cells contain relatively high levels of the active
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[Fig. 2(C), (D)]. The detection of diffuse upper Cx43 immunoreactive
bands by Western blot analysis [Fig. 2(C)] suggests post-
transcriptional modiﬁcations of Cx43 in T/C-28a2 cells that are not
present in the Cx43 from PC. In addition, the basic type of coupling
between T/C-28a2 cells [Fig. 1(D)] could also suggest heteromeric
coupling14. The changes in Cx43 expression or GJIC in PC and T/C-
28a2 cells may be also a consequence of some alteration during
primary culture. Chondrocytes in articular cartilage express lower
levels of Cx43 and contain less Cx43 protein than chondrocytes in
monolayer culture [Fig. S2(A, B)]. Furthermore, T/C-28a2 cells and
chondrocytes in tissue contain higher levels of miRNA1-1
[Fig. S2(C)], which may down-regulate Cx43 expression15, but this
may not occur in isolated PC in culture.
In conclusion, the T/C-28a2 cells, in addition to expressing spe-
ciﬁc markers of articular chondrocytes11, appear to have the ability
to form functional non-junctional and GJ channels between cells.
The in vitro system described here may provide a useful model for
the study of chondrocyte metabolism, physiology and mechanical
properties and for the identiﬁcation of the physiological and phar-
macological agents capable of interfering with chondrocyte celle
cell or cell-matrix communication in articular cartilage.
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